A flume study was conducted using a soil, yard waste compost, and an erosion control compost to investigate the response to concentrated flow and determine if the shear stress model could be used to describe the response. Yard waste compost (YWC) ompost improves the physical, biological, and chemical properties of soil by increasing water holding capacity, total pore space, aggregate stability, temperature insulation, pH, electrical conductivity, cation exchange capacity, and nutrient availability (Hernando et al., 1989; Shiralipour et al., 1992; Zhu and Wong, 1987) . By changing the soil fertility, compost contributes to the establishment of vegetation on construction sites, highway embankments, and other disturbed lands. In addition to aiding vegetation establishment, compost enhances water infiltration and reduces erosion and sedimentation from runoff (Risse and Faucette, 2001; Stewart and Ettlin, 1993; Storey et al., 1996) . The USEPA (1997) issued guidance for using compost to remediate turf grasses, enhance landscaping, and control plant and animal diseases, in addition to using it for erosion control.
erosion control and revegetation of degraded soils (Claassen, 2000) . Bresson et al. (2001) reported that municipal solid waste compost stabilizes soil aggregates, delays crust formation and seedbed slump, postpones generation of runoff, and reduces sediment concentrations in the runoff. Faucette et al. (2004) found that a variety of composts and mulches were effective in reducing runoff, erosion, and total solids and nutrient losses during simulated rainfall events. Manure composts subject to simulated rainfalls (1) increased infiltration and were effective in erosion control at a newly constructed road right-of-way (Mukhtar et al., 2004) and (2) delayed initiation of runoff (Ramos and Martinez-Casasnovas, 2006) . Rainfall simulations by Persyn et al. (2004) verified that compost on a highway embankment effectively reduced runoff and erosion. Harrel and Miller (2005) and Osorio and Juan (2006) established that yard waste compost and urban solid waste compost effectively prevented soil erosion and improved revegetation on embankments.
Comparing the concentration and total mass of nutrients and metals in runoff generated by simulated rainfall from highway embankments, Glanville et al. (2004) found that the total mass of most pollutants from compost treated plots was significantly lower than with conventional stabilization techniques. Faucette et al. (2005) evaluated three runoff events over a year generated by simulated rainfall and showed that compost reduced the total solids, nitrogen, and phosphorus losses compared to hydroseeded and silt fence controls. Later, comparing compost, straw with polyacrylamide, and mulch subjected to both simulated and natural rainfall, Faucette et al. (2007) reported that compost permitted less soil loss than straw or mulch.
As a best management practice, practitioners extensively apply compost on flat areas and steep slopes. For national uniformity and reliability in practice, the American Association of State Highway and Transportation Officials (Alexander, 2003) developed standards for the use of compost in erosion control. The USEPA (1997) endorsed compost for erosion control but cautioned against using compost on areas where concentrated flow is likely.
Because most studies have focused on interrill or sheet erosion during rainfall, little guidance is available for design of compost applications subjected to concentrated flow. Persyn et al. (2005) investigated rill erosion of compost and suggested that the cause might be similar to erosion of unanchored crop residues (Foster et al., 1982) . They attempted to apply the shear stress model to estimate solids loss due to concentrated flow and found that the model did not accurately predict solids loss. However, significant uncertainty occurred due to flotation of compost particles, small test plots (0.2 m as plot width) that allowed notable preferential flow along the plot boundaries, and movement of compost downslope en masse rather than as individual particles. Thus, Persyn et al. (2005) suggested that erosion in rills might be different for soils versus compost, but that indication was not followed up with additional studies.
This study went beyond that of Persyn et al. (2005) to investigate the null hypothesis that the rill erosion of compost is similar to the erosion of soil. The specific objective was to determine if the shear stress equation based on critical shear stress and rill erodibility describes erosion of compost by concentrated flow. Rill erosion occurs when water moving over the soil surface flows along preferential pathways, forming an easily recognizable channel (Rose et al., 1983) . Rill erosion is a function of hydraulic shear stress (N m -2 ) and is governed by the shear stress model (Elliot et al., 1989; Foster et al., 1984; King et al., 1995; Nearing and Parker, 1994) :
where D r = rill erosion rate (g s -1 m -2 ) K r = rill erodibility factor (s m -1 10 -3 ) t c = critical shear stress (Pa). The soil-specific constants, i.e., rill erodibility factor (K r ) and critical shear stress (t c ), can be determined from the shear stress equation. Erodibility is a soil property quantified in terms of sediment loss, which this study hypothesizes is applicable also to solids loss from compost. In a rectangular channel, the hydraulic shear stress (t) is independently calculated as:
where g = specific weight of the flowing fluid (N m -3 ) R = hydraulic radius (m) S = slope of the channel (m m -1 ).
MATERIALS AND METHODS

FLUID MECHANICS LABORATORY FLUME
This study investigated rill erosion in an aluminum hydraulic flume 4.0 m long, 1.0 m wide, and 0.7 m high ( fig.Ă1 ) divided into two sections by a piece of sheet metal forming a V-notch weir near the entrance. The upstream section served as a 1 m long reservoir, leaving a 3 m long test section. Compost or soil was placed on the flume bed to a depth of 5 cm, and a 2.5 cm deep and 25 cm wide rectangular channel was formed by hand along the centerline of the test section prior to each test. This rectangular channel maintained the concentrated flow and restricted rill formation to the middle of the test area. The flume was tilted to achieve the desired slope for different tests. Water, pumped into the upstream section at a rate controlled by a valve and measured by rotameter, flowed through the V-notch weir and formed concentrated flows within the test section. A 0.8 m long × 0.2 m wide × 0.2 m high aluminum structure with a reversed vaulted face dissipated the energy of the weir overflow and directed the water to the inlet of the rectangular channel pre-formed in the test materials.
COMPOST AND SOIL
The University of Georgia Bioconversion Research and Education Center (BREC) provided yard waste compost made from campus landscape trimmings and woody debris. A commercial facility with the Seal of Testing Assurance as designated by the U.S. Composting Council (USCC, 1997) donated the erosion control compost, a 1:1 blend of mulch and yard waste compost with a maximum particle size of 5Ăcm. The Cecil soil was collected from the USDA-ARS J. Phil Campbell Sr. Natural Resource Conservation Center located at Watkinsville, Georgia, the same location where the Water Erosion Protection Project (WEPP) (Elliot et al., 1989) measured rill erodibility parameters in the field for the Cecil soil series. The 10 cm top layer was removed at the site, and the Cecil soil sample was collected from the B horizon to a depth of 25 cm. Basic physical properties and organic matter content of the two composts and the soil ( fig. 2 
FLUME TEST SECTION OBSERVATIONS
Water was initially ponded in the flume by leveling it and raising the outlet barrier for 10 min to pre-wet each compost or soil to an initially saturated condition. Consistency between the inflow and discharge rates confirmed effective saturation of the composts or soil during testing. For each of the four slopes to which the flume was set (1%, 3%, 5%, and 7%), four sequential inflow rates were released onto each slope. The lowest flow rate was determined based on previous trials to determine the flow rate at which rill erosion initially occurred. The subsequent flow rates were increased to achieve obvious erosion. The lowest and highest inflow rates for various slope levels applied on different materials are summarized at table 2. The duration for each inflow rate was 30 min. Discharge was measured at 3 min intervals (during the remaining 27 min) by recording the time required to fill a 2 L bucket. Ten sediment samples were collected using 500 mL bottles after the initial 3 min of constant inflow. Constant flow was ensured by confirming no significant change in discharge rate for two sequential discharges in 3Ămin.
The experimental protocol required weighing sediment samples and oven drying at 105°C until a constant weight occurred. The sum of dried sediment weight in the ten samples divided by the total volume of the collected discharge samples produced the mean solids concentration of the discharge, which was used to calculate the total amount of solids loss from a run by multiplying by the total amount of discharge in the run. The total amount of solids loss divided by the test duration and the area of erosion, which was assumed to be the average width of the rill multiplied by the length of the channel, was the erosion rate. Surface flow velocity was measured by timing the advancement of the leading edge of a dye within a 1 m test section. The test section for velocity was selected at the central part along the channel, for the purpose of avoiding severe fluctuation and turbulence at both the beginning and ending parts of the channel. Average velocity was calculated by multiplying measured leading edge velocity by a factor of 0.7 (Elliot et al., 1989; Persyn et al., 2005) . The width of the rill was measured at ten test points that were evenly assigned along the channel. Depth of the rill was measured using a vertical depth meter at the ten test points ( fig. 1 ). The ten measurements of rill depth were conducted at each test point by moving the vertical depth meter across the pre-created channel in 2.5 cm intervals. The measurements of discharge, velocity, and rill width were conducted in 3 min intervals; the depth measurements were made after each run was completed.
Shear stress values were calculated using equation 2, where specific weight of water was g = 9800 N m -3 , the average hydraulic gradient was equal to the flume slope, and the hydraulic radius R (m) was calculated for a rectangular cross-section of the rill:
where P = wetted perimeter (m) = width + 2 × depth. A = cross-sectional area of flow (m 2 ) = width × depth, calculated using the continuity equation:
where Q = flow discharge (m 3 s -1 ) V = average flow velocity (m s -1 ).
STATISTICAL ANALYSIS SAS version 9.1 (SAS Institute Inc., Cary, N.C.) was used for statistical analysis. In order to easily derive and compare the critical shear stress values between Cecil soil and yard waste compost, equation 1 was rewritten as equation 5, in which the intercept is critical shear stress value:
Equation 5 was used to fit the erosion data of both the Cecil soil and the yard waste compost for each separate slope level, as well as by lumping all the data from the four different slopes together. Dummy variables were introduced to estimate the combined coefficients of the Cecil soil and compost data, and equations representing rill erosion on the Cecil soil and yard waste compost were determined. A dummy variable takes values of 1 and 0 in regression analysis to indicate different cases (Rasmussen, 2009) . A dummy variable representing the change in slope from the base case (Cecil soil) to the alternative (yard waste compost) was applied. Letting m = 1/K r , equation 5 could be rewritten as:
With the dummy variable for m, equation 6 becomes
where D m represents the change in slope from Cecil soil to yard waste compost. Equation 7 combines the relationship between shear stress and erosion rate for both Cecil soil and yard waste compost; d = 0 for Cecil soil, and d = 1 for yard waste compost. Multiple regressions were conducted, using both Cecil soil and yard waste compost data, to fit equationĂ7. Student's t-tests were performed to determine any significant differences between treatments at a = 0.05.
RESULTS AND DISCUSSION
OBSERVATIONS
The rills formed quickly on both the Cecil soil and yard waste compost as concentrated flow ran on those materials; however, the rill evolution processes on these two materials were different. On the Cecil soil, bed scour within the rill started from the downstream end and advanced up the slope, while on yard waste compost, the bed scour within the rill began at the top of the pre-formed channel ( fig. 3 ). While scouring occurred on both the channel bed and side walls on the Cecil soil plots, which resulted in relatively wide rills; water consistently scoured downward on the yard waste compost. Sidewall scouring seldom occurred in the channel of yard waste compost, resulting in relatively small and consistent rills in yard waste compost. This discrepancy in responding to concentrated flows between Cecil soil and yard waste compost was primarily due to the greater pore space in yard waste compost compared to Cecil soil. The greater pore space allowed more water to penetrate through the side walls of yard waste compost channels, resulting in reduced shear stress acting on the rill channel.
The erosion control compost used in this study behaved in a different way from yard waste compost and Cecil soil. Solids loss only occurred when inflow rate was increased and quickly stabilized with little solids movement. Some lightweight particles that could not withstand the suddenly increased stress were dragged, lifted, and transported to the flume outlet by the flow. After this first flush, little erosion was detected during the period of steady flow conditions. Rather than concentrating and scouring a rill on the precreated channel, as occurred on the soil and yard waste compost, the water on the erosion control compost easily infiltrated into the compost and flowed through the blanket matrix. With the coarsest particles among the three materials used in this study, erosion control compost has the largest pore space and greatest likelihood of allowing water to flow through and underneath its matrix. These properties of erosion control compost substantially reduced the amount of water flowing on the surface and thus prevented or delayed rill development on the surface.
Other than particle flotation and bulk movement of material downslope, as described by Persyn et al. (2005) , the formation of micro-dams on erosion control compost was the key phenomenon under concentrated flow conditions, which confirms the observation made by Zhu and Risse (2009) in their field study of compost for erosion control. As inflow rate or slope steepness increased, erosion was initiated on erosion control compost as upstream particles were entrained in the flow and started to roll down along the slope. These entrained particles were deposited on the way down the slope as they exceeded the transportation capacity of the flow. The deposited particles interlocked and were able to trap more particles from upstream, which accumulated quickly to form a micro-dam. The particle trapping mechanism of the microdams is similar to the process of sedimentation in grass filters described by Tollner et al. (1976) . By ponding water upstream, the micro-dam retarded the flow velocity and encouraged water to flow through the channel wall and disperse on the entire compost surface and subsurface ( fig. 4) . Through this process, the micro-dams promoted the shift of concentrated flow to subsurface flow in the erosion control compost. Since the amount of surface flow was significantly reduced, the shear stress acting on the channel became very small and was very difficult to calculate based on the amount of inflow. Without appropriate estimation of the shear stress values, it was impossible to apply the shear stress model to estimate the critical shear stress and erodibility values for erosion control compost.
APPLICATIONS OF SHEAR STRESS MODEL ON CECIL SOIL AND YARD WASTE COMPOST
The results of fitting the lumped data to the shear stress equation for the Cecil soil and yard waste compost are shown in table 3 and figure 5. Results indicated no statistically significant difference in critical shear stress between Cecil soil and yard waste compost. Results of regression using the introduced dummy variable to represent the change of erodiblity from Cecil soil to yard waste compost are shown in table 4, in which all the coefficients were significant. The critical shear stress for both Cecil soil and yard waste compost was 2.59 Pa, without significant difference. The shear stress coefficient (1/K r ) was 0.05 for Cecil soil and 0.05Ă+ 0.18 = 0.23 for yard waste compost. Thus, the erodibility value was 1/0.05 = 20.00 g s -1 N -1 for Cecil soil and 1/0.23 = 5.42 g s -1 N -1 for yard waste compost. The shear stress model could be written as D r = 20.0 × (t -2.59) for Cecil soil and D r = 5.42 × (t -2.59) for yard waste compost. Table 5 shows the comparison of the estimated erodibility and critical shear stress parameters for Cecil soil derived from this study and those values determined by the WEPP team when erosion experiments were conducted at the site from which the Cecil soil used in this study was collected. Even though the resulting critical shear stress and erodibility parameters for this study and the 1988 field study do not perfectly match, the values were reasonably close and provided some confidence that our laboratory process to estimate the applicability of the shear stress model was suitable. The discrepancy between the critical shear stress and erodibility values for the laboratory study and the 1988 field study might be due to (1) different experimental processes, (2) changes in soil properties at the site due to erosion and management changes during the last 18 years, (3)Ăchanges in the soil bulk density between the field and the reconstituted soil in the laboratory flume, and (4) uncertainty introduced by the method of data collection that transferred to the results of regression analysis. The shear stress model was applied using calculated shear stress values and erosion rates from various slope levels on Cecil soil and yard waste compost. The model was applied using three replications of four inflow rates at each slope level. The results are shown in figures 6 and 7. The correlation coefficients (R 2 ) and p-values of shear stress model fits for Cecil soil and yard waste compost are summarized in table 6. Results showed that the rill erosion on Cecil soil for individual slopes better conformed to the shear stress model than the rill erosion on yard waste compost under our experimental conditions. The regression fit of the shear stress model at 1% slope was relatively weak for Cecil soil. This may be because the shear stress value was not significantly increased with added inflow, which resulted in a greater portion of water weight acting downward, allowing a larger amount of water to infiltrate into the soil matrix on the relatively flat surface, compared to the situation with steeper slopes.
Comparisons of applications of the shear stress model at each slope level for Cecil soil and yard waste compost are shown in figure 8 . The regression lines derived from yard waste compost had lower slopes than the regression lines derived from Cecil soil at slope levels of 1%, 3%, and 5%, representing less likelihood of erosion from yard waste compost than from Cecil soil at these slope levels. The fact that the slope of the regression line derived from yard waste compost exceeded the slope of the regression line derived from Cecil soil at the 7% slope level might indicate decreased performance of yard waste compost with increased slope level. While the experimental design for this project limited the slope level to 7%, further experiments using slope levels greater than 7% should be conducted to verify the specific constraint of slope on the performance of yard waste compost for erosion control.
Shear stress, erosion rate, rill erodibility, critical shear stress, and correlation coefficient (R 2 ) values for each replication are summarized in table 7. Only replications having a positive slope and x-intercept (values not bolded in table 7) were used to estimate rill erodibility and critical shear values for statistical comparisons. In most cases, the shear stress model fit for Cecil soil and yard waste compost had a positive slope (rill erodibility) and x-intercept value (critical shear stress). However, some replications were opposite to the expected trend for both Cecil soil and yard waste compost, meaning that the slope of the regression line was negative and that the detachment rate decreased with increased hydraulic shear stress. This phenomenon occurred once on the 3%, 5%, and 7% slope levels. This might be due to the fact that the flume bed was exposed in some cases before the run was completed. Under these conditions, the calculated shear stress was not actually acting upon the compost materials vertically, resulting in overestimation of the shear stress value for those runs. Similar results of negative critical shear stress and erodibility values were reported to occur occasionally in the field testing of the WEPP study (Elliot et al., 1989) . The average erosion rate of Cecil soil was significantly higher than the erosion rate of yard waste compost at the same level of shear stress, based on the overall mean values derived from the four slope levels. This may be due to the higher pore space in the yard waste compost matrix compared to the soil material, which allowed part of the water to flow into the compost matrix, rather than flowing on the surface, resulting in reduced shear force acting on the compost surface. Furthermore, unlike in the soil channel where scour holes occasionally occurred, which accelerated local turbulence, scour holes were rarely observed in yard waste compost channels, resulting in relatively smooth flow through the entire channel.
The mean values of the critical shear stress and rill erodibility parameters, which were derived from the shear stress model, suggested no significant difference between Cecil soil and yard waste compost. However, there was a clear trend toward the critical shear stress values being higher and the rill erodibility values being lower, although not significantly, on yard waste compost than on Cecil soil, demonstrating the effectiveness of yard waste compost for rill erosion reduction.
The generally higher erodibility values on Cecil soil than on yard waste compost, except on 7% slope, indicated that yard waste compost had higher concentrated flow resistance compared to Cecil soil. It is also noted that the critical shear stress values and erodibility parameters for both Cecil soil and yard waste compost changed with slope steepness (fig.Ă8 ). This was because those values were derived from the shear stress model, which showed different performances on different slope levels. This may suggest that critical shear stress and erodibility parameters are not merely related to the properties of the materials; the slope conditions may also need to be incorporated when the shear stress model is applied to predict rill erosion on sloped areas.
UNCERTAINTY
This data set contained a significant amount of variability that resulted in poor fits with the shear stress model and low correlation coefficients. Some of this can be expected when dealing with erosion models and unconsolidated soils. In the largest field study of rill erosion (Elliot et al., 1989 ) conduced on 198 plots at 33 location across the U.S., the coefficient of variation for estimated critical shear stress from the shear stress model ranged from 14% to -318% (Elliot et al., 1989, p. B268) . Although not reporting the overall fit of the shear stress model to their dataset, Persyn et al. (2005) reported the R 2 values of shear stress model fits for individual runs, which ranged from 0.00 to 0.64 for various composts and from 0.12 to 0.90 for top soil. Likewise, their dataset contained numerous outliers and situations in which data was excluded. Laboratory studies by Foster et al. (1984) and King et al. (1995) also showed high variability in rill erosion parameter estimation.
In addition to this inherent variability, additional sources of variability in our experiment study may include the following:
S In some cases, the flume bed was exposed while concentrated flow was still running. This would result in less solids loss than would occur under field conditions. S Deposition along the rills was ignored when erosion rates were calculated, assuming that all the detached solids were delivered to the flume outlet. This assumption was not universally correct.
S In our calculation of rill surface, area uniform conditions were assumed, and the area of side walls was not included in the calculation of the erosion rate.
CONCLUSIONS
Observations and statistical analyses in this project suggest that yard waste compost responded to concentrated flow in a similar way to Cecil soil. However, the mechanisms of rill formation and rill erosion differed between compost and soil, and between different types of compost materials. This was primarily due to differences in particle sizes and pore space of those materials. The rilling process on soil was dominated by bed scour from downstream to upstream, while rills on yard waste compost developed by continuous scour from upstream to downstream. The unique mechanism of erosion prevention on erosion control compost was based on the formation of micro-dams, which were due to deposition and accumulation of entrained particles in the flowing water. These micro-dams relied on the coarse particles and pore space of erosion control compost to encourage water to flow through the matrix. The formation of micro-dams on erosion control compost did not allow us to determine shear stress, as most of the flow ran through the compost matrix as opposed to the rill.
There were positive slope and positive x-intercept values for the linear relationship between erosion rate and shear stress for most of the replications, supporting the application of the shear stress model on Cecil soil and yard waste compost. Although there were no statistically significant differences, the average detachment rate was greater for Cecil soil than for yard waste compost.
The shear stress model seemed applicable to the measured data for each slope level for both yard waste compost and Cecil soil. The lower erodibility values on yard waste compost compared to Cecil soil (except on 7% slope) suggested the effectiveness of yard waste compost for reducing soil erosion. The erosion data from individual slopes for Cecil soil conformed to the shear stress model better than the erosion data for yard waste compost. No significant differences in critical shear stress and erodibility parameters between Cecil soil and yard waste compost were found. However, there was an apparent trend that the erodibility was lower for yard waste compost than for Cecil soil.
The bulk density of the materials tested in this study ranged from 170 kg m -3 for erosion control compost to 1240Ăkg m -3 for Cecil soil. With added pore space in the compost matrix, infiltration and diffusion of water into the compost matrix are considerable. Given the fact that a large amount of water flowed through the compost matrix, the shear stress value on the compost surface was reduced, and thus the resistance of compost to concentrated flow increased. While the shear stress model used in WEPP was likely valid for yard waste compost, we were unable to estimate the shear stress for erosion control compost and could not apply the shear stress model. More appropriate models or guidelines should be developed to better understand the use of these composts under concentrated flow conditions.
